Motivated by the electron cyclotron heating being employed on the dipole experiments, the effects of a hot species on stability in closed magnetic field line geometry are investigated by considering a Z-pinch plasma. The interchange stability of a plasma of background electrons and ions with a small fraction of hot electrons is considered. The species diamagnetic drift and magnetic drift frequencies are assumed to be of the same order, and the wave frequency is assumed to be much larger than the background, but much less than the hot drift frequencies. An arbitrary total pressure dispersion relation is obtained, with the background plasma treated as a single fluid, while a fully kinetic description is employed for the hot species. The analysis of the dispersion relation shows that two different kinds of resonant hot electron effects modify the simple MHD interchange stability condition. When the azimuthal magnetic field increases with radius, there is a critical pitch angle above which the magnetic drift of the hot electrons reverses.
reversal is not possible and only low speed hot electrons will interact with the wave.
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I. INTRODUCTION
The Levitated Dipole Experiment (LDX) 1,2 is designed to operate in a magnetohydrodynamic (MHD) interchange stable regime [3] [4] [5] [6] . Electron cyclotron heating is employed to increase the temperature 7 and will introduce a hot electron population that can alter interchange stability. We examine the effects of a hot Maxwellian electron population on interchange stability by considering a confined plasma having an ideal MHD background consisting of electrons and ions plus a fully kinetic population of hot electrons. Of particular interest is the role the hot electrons play in modifying the usual ideal MHD interchange stability condition by wave-particle resonance effects.
To simplify the analysis, we consider Z pinch geometry so that the unperturbed magnetic field 0 B is constant and closed on the cylindrical flux surfaces and the unperturbed diamagnetic current 0 J is along the axial direction. The Z pinch approximation to a dipole preserves the essential feature of the closed magnetic field lines, but misses the geometrical details associated with field line averages of quantities, so it is only intended to illustrate the key physics. A more realistic dipole equilibrium is required to make quantitative stability predictions. The Z-pinch model also allows us to consider plasmas in which the magnetic pressure is comparable to both the background kinetic pressure and the hot electron kinetic pressure, as well as to treat the diamagnetic and magnetic drifts as comparable as they are in a dipole. Moreover, it makes it possible to perform a kinetic treatment of the hot electron population in the limit in which the wave frequency resonates with the magnetic drift frequency to cause a destabilizing Landau-type resonance. In the low wave frequency limit of interest a particularly strong destabilizing hot electron interaction occurs when the hot electron magnetic drift exhibits reversal due to a change in the grad 0 B direction. In the absence of drift reversal a much weaker resonant particle interaction can occur which can destabilize an otherwise stable interchange, with the new stability boundary depending on the details of the hot electron density, temperature and their profiles. To make the analysis more tractable and highlight the role of the hot electrons, only flute modes are considered with wave frequencies intermediate between the background and hot species drift frequencies. Flute or interchange modes are the least stable modes in the absence of hot electrons [3] [4] [5] [6] .
We note that the stability analysis presented here is completely different from those employed for a bumpy torus where a hot electron ring is necessary to provide stability in the otherwise unstable mirror cells linked to from a torus 8 . In a Z pinch model of a dipole, stability in the absence of hot electron is assured by employing a pressure profile that decreases slowly enough to satisfy the usual MHD interchange condition which arises due to the stabilizing influence of plasma and magnetic compressibility in closed magnetic field lines. The hot electrons generated by electron cyclotron heating must then be investigated to determine if they can act in a destabilizing manner. In particular, the curvature and grad 0 B drift must be treated on equal footing to allow a strongly unstable hot electron drift resonance to occur when the grad 0 B drift opposes the curvature drift (weaker destabilization occurs when the drifts are in the same direction). Here we remark that high mode number Z pinch interchange stability in the presence of hot electron population is in some details related to the low mode number alpha particle driven internal kink mode and fishbone instabilities in tokamaks. For these alpha particle driven modes the details of the resonance of the wave with the magnetic drift of the alphas can have a important impact, with drift reversal at some radius leading to instability 9 . In our Z pinch model we are able to investigate the resonant particle mechanism, in a simpler geometry that allows us to give a physical interpretation of the effect of drift reversal, which occurs at some critical pitch angle (that is allowed to vary radially). These hot electron drift resonance effects are considered in detail in Sec. IV. In the electrostatic limit our results reduce to the standard hot electron interchange if hot electron temperature gradients are ignored and the hot electron density falls off radially 10 .
In Sec. II we derive two coupled equations for the ideal MHD background plasma that depend on the perturbed hot electron number density and radial current. These two quantities are then evaluated kinetically in Sec. III assuming the unperturbed hot electron population is
Maxwellian. Section IV combines the results from the two previous sections to obtain the full dispersion relation that is analyzed in detail, including the hot electron drift resonance destabilization effects. A simple hard core Z pinch geometry and the case of a "rigid rotor" are discussed in Sec. V. We close with a brief discussion of the results in Sec. VI.
II. IDEAL MHD TREATMENT OF THE BACKGROUND PLASMA
In this section we will develop an ideal MHD treatment for the background plasma that permits a hot electron population to be retained. This treatment allows us to derive a perturbed radial Ampere's law and a perturbed quasi-neutrality condition that depend on the perturbed hot electron radial current and density, respectively, which are evaluated in the next section.
We consider the simplest closed field line configuration of cylindrical Z-pinch geometry in which we only allow radial variation. The unperturbed magnetic field is in the azimuthal direction and given by ( )θ
, while the unperturbed current is axial and given by
where a prime is used to denote radial derivatives.
Denoting the total equilibrium pressure by 0 p , force balance gives
where the total pressure is the sum of the background pressure, To derive the perturbed equations we linearize the full equations and assume the time and 
so that Faraday's law for the perturbed magnetic field 1 B r becomes ( ) 
To determine the displacement we employ momentum conservation for the background plasma by accounting for the charge imbalance -or uncovering -due to the hot electrons:
where quasi-neutrality for singly charged ions requires 
If we neglect the coupling to sound waves by assuming 
and Maxwellian averaged background electron curvature and total magnetic drift frequencies 
we obtain the first of the desired equations, the radial Ampere's law, in the form: 
Notice that in the absence of the hot electrons the sign of 
the preceding gives the quasi-neutrality equation, to be 
Notice that since our MHD treatment requires 1 << b and we are interested in 1 d , the frequency range of interest is e κ ω ω >> as assumed. The same coupled system of equations (14) and (17) can also be obtained kinetically following a procedure which assumes the transit frequency is much greater than the collision frequency which is much greater than the wave, magnetic drift and diamagnetic frequencies 11 . To analyze the modifications due to a Maxwellian hot electron population, h n 1 and hr J 1 are calculated kinetically in the next section.
III. KINETIC TREATMENT OF THE HOT ELECTRONS
To complete our description we need to kinetically evaluate the perturbed hot electron density and radial current contribution to the Ampere's law and quasi-neutrality equations (14) and (17). The hot electron response must be evaluated kinetically since the temperature of the hot electron population, h T , is assumed to be much larger that the background temperatures. As a result, the magnetic drift and diamagnetic frequencies of the hot electrons will be assumed to be much larger than the wave frequency.
We assume that the hot electrons satisfy the Vlasov equation. We then linearize by assuming the unperturbed hot electron distribution function, h f 0 , is a hot Maxwellian plus a diamagnetic correction:
where 
where 0 = s corresponds to the vacuum limit. In addition,
is the hot electron diamagnetic drift frequency with 
Keeping the above simplifications in mind, we can integrate the distribution function, Eq. 
IV. DISPERSION RELATION
Combining the perturbed radial Ampere's law, Eq. (14), and quasi-neutrality condition, Eq. (17), with the expressions for h n 1 and hr J 1 from the previous section, we can form the dispersion relation, which can be written as ( (32)
Had we retained finite hot electron gyro-radius terms they would have entered as small order As before, the drift reversal case ( 1 > s ) continues to be strongly destabilizing due to large imaginary terms in I and H . If we ignore weak resonant hot electron effects, the stability condition for 1 < s case can be written as
where to the lowest order we find Examining the full expression for 1
. As a result, the stability boundaries are the same as in Fig. 1(a) with Fig. 1 (c) we can see that the hot electrons somewhat improve the lowest order stability, as in the electrostatic limit.
Comparing the plots of Figs. (1) and (2) ) is avoided, with higher hot electron fractions improving stability.
As noted earlier, the resonant hot electron interaction enters as a weaker effect for 1 < s than it does for 1 > s , which is always strongly unstable. We next consider the effect of these resonant hot electrons on stability for 1 < s by evaluating their contributions to the perturbed hot electron density and radial current density for the real part of ω greater than zero ( 
with ∆ defined by case to show its good agreement with the numerical calculation. We do not plot the analytical solution in Fig. 3 (d) since the agreement is so good, it becomes impossible to tell two curves apart.
We find from plots like Figs 
V. APPLICATIONS
As a specific application of the results obtained in the previous section we consider a hard core Z pinch as a crude approximation to a dipole with a levitated current carrying superconducting coil as in LDX. Assuming power law profiles satisfying pressure balance gives ( ) 
where a is the radius of the current carrying hard core conductor, a B and a p are the magnetic field and total plasma pressure at its surface, respectively, and 
where
Therefore, in the absence of resonant hot electron effects the stability boundary is described by
which is always satisfied.
To determine the stability condition for the case of 
VI. CONCLUSION
The effects of hot electrons on the interchange stability of a Z-pinch plasma are investigated. The results yield two types of different resonant hot electron effects that modify the usual ideal MHD interchange stability condition.
Our analysis indicates that when the magnetic field is an increasing function of radius, there is a critical pitch angle for which the magnetic drift of hot electrons reverses direction. The interaction of the wave and the particles with the pitch angles close to critical always causes instability. Thus, stable operation is not possible when the magnetic field increases with radius. 
and then use the result to make an approximate fit that is independent of t . This procedure is equivalent to making the replacement Notice that if we were to repeat the same procedure for G and H as given by Eqs. (A3)
-(A4) for 1 > s and 1 → s , we would find that they are of the same order as I s h and therefore would not be significant in the dispersion relation. 
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